It is well known that hydrogen passivation of Mg in Mg-doped GaN reduces free hole concentrations. While there are numerous studies of passivation of Mg in GaN, little work has been reported concerning passivation rates in AlGaN alloys. We investigated the hydrogen interaction with Mg in nitrides by measuring the intensity of the electron paramagnetic resonance (EPR) signal associated with the acceptor. The samples were isothermally annealed in sequential steps ranging from 5 min -6.6 h between 300 and 700 o C in H 2 :N 2 (7%: 92%) or pure N 2 . The signal intensity decreased during the H 2 N 2 anneal and was revived by the N 2 anneal as expected; however, the rate at which the intensity changed was shown to depend on Al concentration. In addition, while all signals were quenched at 700 o C in H 2 :N 2 , a 750 o C N 2 anneal reactivated only about 30% of the Mg in the alloys and 80% of the intensity in the GaN film. These data suggest that the rate of passivation and activation of Mg by hydrogen is dependent on the concentration of Al in the Al x Ga 1-x N layer. The EPR annealing data could prove to be beneficial in improving p-type optimization in AlGaN alloys.
INTRODUCTION
As progress towards developing white light emitting diodes, short wavelength lasers, and high power devices moves forward, understanding the limitations of p-type doping of GaN and its alloys becomes increasingly more critical. Many studies suggest that defects limit p-type conductivity by compensating the Mg acceptor; however, it is also well known that hydrogen contributes to the resistivity of some p-type GaN 1 . The results of secondary-ion mass spectroscopy, infrared spectroscopy, electrical measurements, and electron paramagnetic resonance (EPR) spectroscopy indicate that acceptors in GaN grown by metal-organic vapor phase epitaxy (MOVPE) are rendered inactive by hydrogen, and that annealing in N 2 or O 2 releases hydrogen from a Mg-acceptor complex [1] [2] [3] [4] [5] [6] [7] [8] [9] . The Mg activation is typically accomplished by a conventional anneal in N 2 at temperatures below 850 o C or by rapid thermal annealing.
Electron paramagnetic magnetic resonance (EPR) spectroscopy offers a method for studying the acceptor in GaN by focusing on the Mg impurity itself. Typically, EPR provides a detailed microscopic picture of an impurity in a semiconductor, but the necessary spectroscopic features required to identify the defect structure of Mg in GaN are not resolved. Rather, Glaser and co-workers concluded that the EPR signal observed exclusively in Mg-doped GaN is related to the acceptor by correlating the signal intensity with the Mg concentration in a variety of activated CVD GaN and as-deposited films grown by molecular beam epitaxy (MBE) 10, 11 . Since that time, studies on a variety of GaN:Mg films indicate that the angular dependence of the signal, as measured by the difference between the g value parallel and perpendicular to the c-axis, varies by more than 50% among samples due to local crystal field variations 12, 13 . While there is little reported EPR data for Mg in AlGaN alloys 13 , we show that EPR characterization provides valuable insight to the role of hydrogen passivation and activation of Mg-doped nitride alloys.
Theoretical calculations based on infrared (IR) spectroscopy data suggest that hydrogen bonds to a nitrogen atom forming a Mg-N-H complex rather than a simple hydrogen magnesium bond 7, 14 . In the accepted model for hydrogen interaction in GaN:Mg, neutral hydrogen ionizes at the Mg and the remaining H + bonds to the nitrogen nearest neighbor 14 . This model has been supported by EPR studies in which the Mg signal is quenched when a GaN:Mg film is exposed to hydrogen, presumably because the impurity captures the hydrogen electron 8, 9 . Infrared absorption measurements offer further support 7. In general, studies show that annealing CVD GaN:Mg at T> 600 o C in N 2 yields a p-type conducting film, reduces the Mg-N-H IR signature, and produces the Mg-related EPR signal [7] [8] [9] 15 . Electrical and EPR studies indicate that the reverse process also occurs 1, 8, 9 .
Most annealing studies to date were performed on GaN films with Mg concentrations on the order of 10 19 cm -3 . Yet, today devices also utilize p-type GaN alloys such as InGaN, AlGaN, and InAlGaN. Typically, the post-growth dopant activation process for the MOVPE alloys is similar to that used for GaN:Mg. Below, we show that incorporation of Al may alter the hydrogen diffusion kinetics, suggesting that alternative p-type activation processing should be investigated.
EXPERIMENTAL DETAILS
EPR experiments were performed on 0.30-0.55 µm-thick Mg-doped Al x Ga 1-x N epitaxial films grown by metalorganic vapor phase exitaxy where x= 0.0, 0.08, and 0.28. Epitaxial layers (x = 0.08 and 0.28) were grown on previously prepared templates consisting of 3 um of unintionally doped (uid) Al 0.30 Ga 0.70 N grown on 1.5 um of AlN on sapphire substrates, misoriented 0.2° from the c-axis toward the m-plane. Mg-doped GaN epilayers were grown on 2.5 um of uid GaN. Following growth, all samples were subject to a rapid thermal anneal at 900 To repassivate the Mg dopants with hydrogen, samples were subjected to a series of sequential anneals in 7% H 2 : 93% N 2 forming gas, followed by 99.999% pure N 2 at temperatures ranging from 300 to 750 o C. For the N 2 anneals, a double walled quartz furnace tube was purged with 99.999% pure N 2 until the moisture reading was below 1 ppm. The samples were then loaded into a cool zone, the furnace tube was sealed, and the system was again allowed to purge for a few minutes to insure that the moisture remained below 1 ppm before inserting the samples into the hot zone. The process was terminated by rapidly removing the samples to the cool zone where they remained in the flowing ambient gas for about 15 min. The forming gas anneals followed a similar procedure except the N 2 purge was used to remove remnant O 2 before introducing hydrogen, no moisture analyzer was used.
EPR was performed at 4 K, a temperature at which holes should be localized on the Mg acceptor. An EPR signal is typically characterized by a g-tensor, where 'g' is obtained from the resonance condition B o = hυ/gμ b . Here, B o is the value of applied magnetic field at resonance, h is Planck's constant, υ is the microwave frequency, and μ b is the Bohr magneton. In our experiments, the angular dependence of g was determined by rotating the sample with the magnetic field in a plane containing the c-axis. For a center like Mg with axial symmetry about the c-axis, the data may be described by θ θ θ 2 2 2 2 sin cos ) (
, where Ө is the angle between the magnetic field and the c-axis 16 . The intensity of the EPR signal is proportional to the amount of neutral Mg; therefore, relative changes in the defect concentration throughout annealing were approximated by monitoring the intensity of the EPR resonance after each anneal.
RESULTS AND DISCUSSION
The Mg-related EPR signal in GaN is identified by the g-tensor and a unique angular dependent line-shape. As discussed below, the trends observed for the two alloy compositions confirm that the EPR signal observed in the alloys arises from the same entity as in GaN. o orientation is shown (solid, green). As expected, the Mg-related signal was not observed in AlGaN template structure which had no Mg-doped layer. The gtensor is described by g perp = 2.005(3) for all alloys and g par = 2.075(3) (0%), 2.05(1) (8%), and 2.011(3) (28%). The variation of the g-tensor is typical of many types of GaN, and in general reflects a change in the crystal field surrounding the impurity 12, 13 . Here, the incorporation of Al apparently perturbs the crystal field as has been noted previously by others, but whether the effect results directly from distant Al neighbors or strain is not clear 13 . Figure 1 also illustrates that the EPR signal in the alloys has an angular-dependent line shape typical of the Mg-related EPR signal in GaN. Fitting the data with the absorption and dispersion components of a Lorentzian line shape, we found that the relative amount of dispersion is zero when B is rotated 30 o from the c-axis (red, dashed in Fig. 1 ) and increases as the sample is rotated away from this orientation. Because the presence of the dispersion complicates interpretation of the EPR signal the results discussed below were extracted only from data measured with the sample oriented at 30 o , where the EPR signal represents pure absorption.
Having established that the source of the EPR signal is the same in the doped alloys and GaN:Mg, we use the spectra of Figure  1 to investigate the interaction of hydrogen with the impurity through a series of sequential isothermal H 2 :N 2 and pure N 2 anneals. Figure 2 shows results for the isothermal forming gas anneal sequence at 500 o C (Fig. 2a) and 700 o C (Fig. 2b) , Each point represents the intensity of the EPR signal of one alloy composition relative that in the same alloy prior to the anneal. The green star symbols shown in Fig. 2 will be discussed later. Comparison of the passivation data obtained from the GaN film (filled black square), 8% Al film (unfilled red circle), and 28% Al film (unfilled blue triangle) suggests that increasing the Al concentration increases the time for passivation. The figure also illustrates that a 35 min heat treatment at 700 o C is sufficient to passivate 60% of the dopants in the GaN sample, about half in the 8% AlGaN, and less than 20% in the sample with 28% Al. However, after a sufficient amount of time, no more than 5.5 h, all of the EPR detected Mg is passivated by hydrogen. .08 (unfilled red circle), x=0.28 (unfilled blue triangle). Unfilled green star is MME GaN:Mg. Signals are normalized to intensity of last anneal at previous temperature. that followed the 750 o C heat treatment did not change the intensity of any of the signals. Considering the thermal stability of GaN and the data presented here, higher temperature and longer times will not be effective in fully activating nitride alloys 17 . It appears the complete reactivation of Mg in the alloys requires a different approach than that typically used for GaN.
Understanding the mechanism responsible for the different kinetics demonstrated by the GaN and AlGaN samples is difficult with limited data such as these. However, when considering results from an earlier study involving hydrogen treatments of heavily Mg doped GaN, a possible model emerges. Previous work focused on an EPR isochronal annealing study of films grown by metal modulation epitaxy (MME), a variation of molecular beam epitaxy designed to increase Mg concentration without deteriorating the crystal structure 18 . The passivation/activation temperature was shown to be about 200 o C lower in MME films doped with 10 20 cm -3 Mg than in MBE or MOCVD samples containing less than 4x10 19 cm -3 Mg. Consistently, the green star in Figure 2 obtained from a 10 20 cm -3 Mg doped MME sample show that the passivation rate is faster than that for lower doped films. Furthermore, for these highly doped samples, simple two-point probe electrical measurements consistently showed that the amount of activated Mg seen by EPR correlated with the conductance 19 .
Previously, it was suggested that the high concentration of Mg in the MME films shortened the mean free path for the hydrogen motion, which is thought to occur by hopping among Mg sites [19] [20] [21] . The Al x Ga 1-x N data are consistent with this picture if the Mg distribution is altered by Al such that the Mg concentration is no longer uniform. For instance, Mg atoms may coalesce around Al sites or prefer to maximize their distance from the Al. In either case, the redistribution would increase the maximum Mg hopping distance, ultimately slowing the passivation or activation process consistent with trends seen in the time-dependent data. One may also consider surface effects because, as was noted in reference 20, the surface is the rate limiting step for hydrogen diffusion into GaN. Note that attributing the varying time dependence to increased strain or extended defect concentrations is not necessarily consistent with observation. Both the heavily doped MME samples and Al x Ga 1-x N alloys are likely to exhibit higher strain and/or defect densities than lower doped GaN, yet the trend for activation/passivation kinetics is opposite for the two types of samples. The heavily doped samples show faster rates and lower temperature thresholds for the hydrogen-Mg interaction; while passivation and activation in the AlGaN alloys require longer times. One would expect increased strain or extended defects to produce similar annealing trends in the different materials.
In summary, the results of the EPR annealing study show that the rate at which the Mg impurity is passivated by hydrogen or re-activated with N 2 depends on the amount of Al in the Al x Ga 1-x N alloy. Most pertinent to device development, only 30% of the Mg was reactivated during the 6.3 h 750 o C N 2 anneal in the alloy samples, while about 80% reactivation occurs for the pure GaN. Since earlier work consistently showed that the annealing trends exhibited by the Mg-related EPR signal are consistent with conductivity measurements 19 , the results for the Al x Ga 1-x N:Mg discussed here emphasize the need to consider Al mole fraction when optimizing p-type conductivity with a post growth anneal. 
